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ABSTRACT OF THE THESIS 
 
Tracking Ontogenetic Changes of Ionocyte Distribution and Morphology in Larval White 
Seabass (Atractoscion nobilis) 
 
by 
 
Shane Harrison Finnerty 
Master of Science in Marine Biology 
University of California San Diego, 2019 
Professor Martin Tresguerres, Chair 
 
 Teleost fishes maintain homeostasis through the action of ionocytes, epithelial cells 
specialized for osmoregulation, acid-base regulation, and ammonia excretion, among other 
functions. While studied extensively in adult fishes, much less is known about ionocytes and 
their function in marine teleost larvae. The goal of this thesis is to track the ontogenetic changes 
in number, size, distribution, and morphology of ionocytes in skin and gills of larval White 
Seabass (Atractoscion nobilis) ranging from 1-32 days post-hatch (2.6 to 16.4 mm body length). 
Immunostaining of ionocytes revealed a stark increase in ionocyte number and density, and a 
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decrease in ionocyte size throughout the sample period. Relative ionocyte area, a proxy for ion 
excretion across the skin, was calculated revealing a decrease in cutaneous ion excretion prior to 
the timing of notochord flexion. During this period, the branchial structures became increasingly 
developed and were highly abundant in ionocytes, suggesting they are taking on a large portion 
of the ionoregulatory role. Scanning electron microscopy revealed several different apical 
morphologies in a 32 DPH larva, and confocal scanning laser microscopy revealed the presence 
of ionocyte in the skin of a juvenile White Seabass. This is the first study to provide high 
temporal resolution tracking of the ontogenetic changes of ionocytes in larval White Seabass, 
who were selected due to their high socio-economic value and for the increasing demand for 
research to aid in the wild stock enhancement aquaculture program operated by Hubbs SeaWorld 
Research Institute (San Diego). 
 1 
INTRODUCTION 
The ability of an organism to maintain homeostasis despite changes in the external 
environment is crucial to all life on Earth. Whether it be maintaining a stable internal 
temperature, pH, osmolarity or ion concentration, the ability to regulate internal physiological 
conditions has allowed life to expand into the multitude of environments where it is found today. 
Marine bony fishes (teleosts) are one of the most successful and diverse lineages of organisms on 
the planet, a characteristic that can be attributed in part to their impressive ability maintain 
osmotic homeostasis despite living in aquatic environments with salinities three to four times 
that of their internal fluids. While these mechanisms have been studied extensively in adult 
teleosts, much less information exists about the osmoregulatory capabilities of teleost larvae, and 
even less so concerning the osmoregulatory capabilities of marine teleost larvae. This is at least 
partially due to the difficulties associated with raising marine teleost larvae from embryo 
throughout larval stages in a laboratory setting, which is much more difficult compared to some 
freshwater species such as zebrafish and trout. As a result, the physiology and developmental 
biology of marine teleost larvae remains an exciting and relatively unexplored field of science. 
White Seabass (Atractoscion nobilis) were chosen as the experimental species in my thesis for 
their high socio-economic value and for the increasing demand for research to aid in the wild 
stock enhancement aquaculture program operated by the Hubbs SeaWorld Research Institute, 
located nearby to Scripps Institution of Oceanography (San Diego, CA) where this study was 
conducted. 
White Seabass 
 White Seabass are the largest member of the Sciaenidae, or croaker, family found along 
the coast of the north-eastern Pacific Ocean. They inhabit areas over the continental shelf from 
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Juneau, Alaska, to Magdalena Bay, Baja California, as well as within the northern Gulf of 
California (Moser et al., 1983; Thomas 1968). Often referred to as “ghosts” by the recreational 
fishing community, White Seabass in the wild are illusive due to the wide variety of habitats they 
live and forage in. During their typical mating season, from April through August, they can be 
found in schools over rocky reef structures, sandy shores, or within kelp forests (Thomas, 1968). 
During colder months, White Seabass typically remain in deeper waters, around 30m depth, until 
water temperatures begin to warm in spring and summer when they will return to shallower 
waters to spawn. They are considered a highly mobile coastal species, in that some tagged 
individuals have been observed moving over 500km within a 3-month period (Aalbers & 
Sepulveda, 2015). Fisheries and mark-recapture data have shown that White Seabass tend to 
return to specific areas from year to year, most likely in search of prey. They display a strictly 
carnivorous diet, feeding primarily on small pelagic fishes such as sardine, mackerel, anchovy, 
herring, as well as squid and pelagic crabs (Vojkovich & Reed, 1983). Their active lifestyle and 
protein-rich diets allow them to reach averages of around 60 pounds in adulthood, but the current 
California record stands at 93 pounds, taken by speargun off of Laguna Beach in 2007 (Thomas 
1968, “White Seabass”). 
 Because of their large size and high-quality meat, White Seabass have been a highly 
targeted species by both commercial and recreational fisheries along the north eastern Pacific 
since the early 1900’s, with efforts primarily focused around Santa Catalina and San Clemente 
islands. In 1920, annual commercial catches reached upwards of 2.5 million pounds, primarily 
through the use of purse seining (Thomas, 1968). From the early 1950s to the 1980s however, 
the White Seabass fishery, one of California’s most historic and economically successful 
fisheries, began to collapse. By 1981, the commercial catch had dropped to roughly 10% of their 
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typical historic catch abundance (Allen et al., 2007; Vojkovich & Reed, 1983). Coastal 
development likely contributed to the decline of the White Seabass population as well. High 
abundances of larvae and juveniles have been observed in coastal bays, estuaries, and shallow 
sandy embayments along the coast of the Southern California Bight and the western coast of 
Baja California, Mexico (Allen & Franklin, 1991; Moser et al., 1983). With a large majority of 
Southern California’s coastal wetland habitat being lost to development within the last several 
decades, large estuarine environments which once acted as suitable habitats for larval settlement 
and growth, are now gone. A combination of overfishing and loss of coastal habitat led to a 
collapse of the White Seabass fishery by the end of 1982. 
 In response to the collapse of the fishery, California legislation established the Ocean 
Resources Education and Hatchery Program (OREHP) to aid in restocking wild populations of 
marine fish caught in Southern California. Initially the program focused both on White Seabass 
and California Halibut (Paralichthys californicus), but eventually shifted the bulk of its focus to 
White Seabass due to budget constraints and a severe depression of wild stock. In 1995, OREHP 
funded the construction of a White Seabass hatchery in Carlsbad, California which is owned and 
operated by Hubbs-SeaWorld Research Institute (HSWRI). The 22,000 square foot hatchery 
facility is capable of producing more than 350,000 juvenile White Seabass annually, who are 
raised from hatch to roughly 150-200 mm standard length. They are then electronically tagged 
and moved to one of 14 satellite grow out facilities scattered throughout the Southern California 
Bight, including one facility on Santa Catalina Island. When the juvenile fish reach roughly 300 
mm standard length, they are released from their grow-out pens to join the wild White Seabass 
stocks (CalCOFI 2006, “Ocean Resources Enhancement and Hatchery Program”, “Hubbs 
SeaWorld Research Institute Facilities”).  
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HSWRI’s hatchery presents a valuable opportunity to study the biology and physiology 
of White Seabass, and to improve aquaculture techniques in general. The hatchery maintains a 
broodstock of wild-caught adult White Seabass who’s spawning behavior can be regulated by 
modifying the photoperiod and temperature of the water. Once the broodstock fish spawn, the 
eggs are collected and set to hatch in separate grow-out tanks for production or experimental 
purposes. The water chemistry in the broodstock tanks are closely regulated and recorded daily 
in logs dating back to the establishment of the hatchery. This long-standing data set, in addition 
to the ability to successfully raise large quantities of healthy White Seabass, make HSWRI a 
valuable asset in better understanding the early development of White Seabass, and marine 
teleosts in general.  
Osmoregulation is Mediated by Ionocytes in Marine Teleosts 
Osmoregulation is the ability of an organism to actively regulate internal fluid osmolarity 
through control of water and ion concentrations. Marine teleosts maintain an internal fluid 
osmolarity between ~300-400mOsm, and Na+ and Cl- concentrations both around ~175mM. 
Seawater has an osmolarity of ~1,000mOsm, and Na+ and Cl- concentrations of ~450mM 
(Evans, 2005). This steep osmotic and ionic gradient causes water to flow out of the fish by 
osmosis and NaCl to enter the bloodstream by diffusion. If unregulated, dehydration and ion 
imbalance within the internal fluids of the fish would adversely affect physiological performance 
and eventually lead to death. However, marine teleosts have evolved osmoregulatory 
mechanisms whereby they obtain H2O through ingestion of seawater and excrete excess NaCl 
through specialized cells known as ionocytes. 
Ionocytes are epithelial cells that are specialized for transporting ions between the 
bloodstream and the surrounding water through the action of multiple transport proteins localized 
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in the apical and basolateral membranes of the cell. First described as “chloride-secreting cells” 
by Keys & Willmer (1932), the term ionocyte (also referred to as “mitochondria rich cell”) is 
now preferred after discovery of several other cellular functions including Na+, Cl-, and other 
ions secretion and absorption, acid/base regulation, and ammonia excretion (Hiroi & 
McCormick, 2012; Rombough, 1999). The driving force for NaCl secretion by ionocytes is 
provided by the enzyme Na+/K+-ATPase (NKA), which is abundant in the basolateral membrane. 
NKA uses the energy from ATP hydrolysis to transport three sodium (Na+) from the cell into the 
bloodstream in exchange for two potassium (K+). This lowers the intracellular [Na+] and drives 
the secondary active transport of Na+ and Cl- out of the bloodstream through para-cellular and 
trans-cellular pathways, respectively. Ionocytes in marine teleosts are capable of excreting NaCl 
against steep electrochemical gradients due to the incredible abundance of NKA within the 
highly infolded basolateral membrane of the cell. The membrane forms a complex tubular 
system with extremely high surface area extending throughout the cytoplasm and is closely 
associated with mitochondria that supply NKA with energy in the form of ATP. The apical 
membrane is relatively small in surface area compared to the basolateral membrane and forms a 
concave apical “pit”. The morphology of the apical membrane has been observed in several 
forms. Varsamos et al. (2002) showed that branchial (gill) ionocytes of the marine European Sea 
Bass (Dicentrarchus labrax) exhibited widened apical surfaces and extended microvilli in 
response to increasing salinities. Kwan et al. (2018) showed that cutaneous ionocyte apical 
membrane area decreased, and microvilli became reduced, throughout larval development in 
Yellowfin Tuna (Thunnus albacarus). These data suggest that the apical morphology of 
ionocytes can dynamically change, possibly as a regulatory mechanism for diverse physiological 
functions; however the actual significance remains unclear. 
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Figure 1: A) From Evans et al., 2005. Transmission electron micrograph of an ionocyte from the gills of a marine 
teleost. Note the size of the apical crypt (pit) in comparison to the highly infolded basolateral membrane. (m) 
mitochondria, (ts) tubular system, (tvs) subapical tubulovascular system. B) From McCormick 2012. Mechanism of 
NaCl excretion in a marine teleost ioncoyte. The apical membrane and basolateral membranes are in contact with 
seawater and the bloodstream, respectively. Basolateral NKA hydrolyses ATP to drive secretion of NaCl through the 
secondary active transport proteins NKCC, in the basolateral membrane, and CFTR, in the apical membrane. Not 
shown is the abundant infoldings of the basolateral membrane. 
 
 
Figure 2: From Kwan et al. 2018. Cutaneous ionocytes from yellowfin tuna larvae. A) Ionocytes with widened 
apical surface and extended microvilli in a 3.8 mm BL (10 days post-hatch) larvae. B) Ionocytes with reduced apical 
surface and retracted microvilli in a 6.5 mm BL (16 days post-hatch). 
Additional Ion Transport Functions of Ionocytes 
In addition to excretion of NaCl, ionocytes have been shown to be involved in several 
other transport mechanisms including acid-base regulation, ammonium excretion, and calcium 
(Ca2+) uptake. Na+/H+ exchangers (NHEs) in the apical membrane of both freshwater and marine 
(A) (B) 
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teleost ionocytes mediate H+ secretion in exchange for Na+ in a secondarily active transport 
mechanism driven by basolateral NKA (reviewed in Evans, 2005 and Hwang, 2011). In 
freshwater and seawater adapted larval Medaka (Oryzias latipes) [Liu et al., 2013] and adult 
Climbing Perch (Anabas testudines) [Chen et al. 2017], ammonia gas (NH3) is excreted from 
blood to the water by diffusion as well as by facilitated transport via apical Rheusus 
glycoproteins located in the apical membrane of ionocytes. Recent data suggests NHEs are also 
involved this ammonia excretion mechanism by creating an acidic boundary layer that pronates 
NH3 thus trapping it outside of the apical membrane in the form of NH4 (Wu et al., 2010). 
However, it is not known if this mechanism  is found in other marine teleosts.  Ionocytes also 
play an essential role in Ca2+ uptake in freshwater teleosts living in soft-water environments (i.e. 
with little dissolved Ca2+) (Flik et al., 1995; Marshall et al., 1992). This mechanism relies on 
apical Ca2+ channels and the basolateral ion transporters: Plasma membrane Ca2+-ATPase 2 
(PMCA2), Na+/Ca2+ exchanger 1b (NCX1b), and NKA to transport Ca2+ from the surrounding 
water into the bloodstream (Lin & Hwang, 2016). However, seawater has much greater dissolved 
[Ca2+] compared to fish blood, so it is not clear whether marine teleosts require similar ionocyte 
Ca2+ uptake mechanisms. 
Developmental Stages of Teleost Larvae 
Teleost larval metamorphosis can be separated into several developmental stages, each 
defined by key morphological changes. In this study, metamorphosis was divided into four 
stages: pre-flexion, flexion, post-flexion, and transformation. Pre-flexion begins at hatch and 
ends at the start of notochord flexion and marks the time of yolk-sac absorption and formation of 
the eyes, mouth, and gut. Flexion begins with the dorsal bending of the notochord tip and is co-
current with separation of the median finfold and beginning of fin-ray formation. Post-flexion 
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begins once the dorsal tip of the notochord has reached a ~45° angle and ends at the beginning of 
transformation, the final stage in larval development before reaching the juvenile stage. 
Transformation larvae possess features characteristic of early juvenile fish including complete 
separation of dorsal, caudal, and anal fins, well developed fin spines and rays and a well-
developed jaw structure. 
Teleost Gill Development and Ontogeny of Ionocyte Distribution 
Teleosts have four pairs of gills, each composed by an arch, filaments, and lamellae. Two 
rows of filaments extend vertically outward from each arch, and a row of lamellae extend 
horizontally out from both sides of each filament. This structure provides a high surface area of a 
thin epithelium that is ideal for both gas and ion exchange. Generally, gill arches form by the 
time of hatch or shortly after, followed by development of filaments and then lamellae. The 
development of the branchial structures is believed to correspond to an increasing demand for 
ion and gas exchange area as the larvae increase in size. Timing of each step in this 
developmental series varies both interspecifically and in response to environmental conditions; 
Factors such as temperature, salinity and dissolved oxygen concentration have large impacts on 
larval development, and likely effect the timing of gill structure formation. In the Turbot, 
(Scophthalmus maxius) acclimated to brackish water and kept between 16 and 20°C, gill arches 
are present at 4 days post-hatch (DPH) followed by filament formation at 10 DPH (Segner et al., 
1994), whereas in freshwater acclimated Rainbow Trout (Onchorhynus mykiss) kept at 10°C, gill 
arches and filaments are present 6 and 3 days before hatch, respectively  (Rombough, 1999). 
Increased growth and survival rates have been observed in response to decreased salinities in 
larval marine Mulloway (Argyrosomus japonicus) [Fielder & Bardsley, 1999], Southern 
Flounder (Paralichthys lethostigma) [Smith et al. 1999], and Gilthead Seabream (Sparus aurata) 
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[Tandler et al. 1995] and increased pO2 in larval Yellowfin Tuna (Wexler et al., 2011). However, 
little attention has been focused on the effects these conditions have on gill formation 
specifically. 
 At hatch, ionocytes are exclusively present on the skin of the larva. However, gill 
ionocytes eventually appear and continuously increase in number throughout larval development. 
It is generally believed that the gills accumulate a higher number of ionocytes than the skin by 
the end of larval metamorphosis. While the functional transition of ionocytes from skin to gills 
follows a similar pattern in all species, large differences exists regarding the timing and rate of 
transition across different species and rearing conditions (Rombough, 1999; Varsamos, 2005). 
For example, ionocytes appeared on developing gill filaments of the Japanese Flounder 
(Paralichthyes olivaceus) [Hiroi et al., 1998] and the Yellowfin Tuna (Thunnus albacares) 
[Kwan et al., 2018] during pre-flexion, and their number continuously increased throughout 
larval development in both species. However, while in flounder the number of cutaneous 
ionocytes progressively decreased following notochord flexion and completely disappeared by 
the end of metamorphosis, in yellowfin tuna they continuously increased throughout 
metamorphosis.  
This is just one example of interspecific differences that exist concerning changes in 
ionocyte localization and abundance in the skin and gills of teleost larvae throughout 
metamorphosis. (more examples are reviewed in Varsamos, 2005). Such differences, if more 
thoroughly studied, can lend insight to the developmental biology and life history of different 
teleost species. Larval metamorphosis is a period of both increased mortality and rapid 
development of key morphological features in teleosts. Species-specific differences concerning 
 10 
ionocytes during this life stage may be related to the vulnerability or resilience of certain species, 
and is worthy of further exploration. 
Thesis goals 
 The goals of this study are to characterize changes in cutaneous ionocyte size, density, 
distribution and morphology in larval White Seabass throughout early development, and to 
speculate on potential roles of cutaneous ionocytes besides NaCl excretion. Access to a 
comprehensive developmental series of larvae from Hubbs SeaWorld Research Institute’s White 
Seabass hatchery, together with immunohistochemistry and imaging techniques allowed for high 
accuracy quantification and tracking of cutaneous ionocytes throughout larval metamorphosis. 
This study is the first to describe the functional transition of ionocytes from the skin to the gills 
in larval White Seabass and can serve as a baseline study for use in developmental biology, 
comparative physiology, and aquaculture research. 
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MATERIALS & METHODS 
Larval rearing conditions 
A developmental series of White Seabass ranging from 2.6–16.4 mm body length (BL) 
corresponding to 1-32 days post hatch were collected from a standing broodstock of adult White 
Seabass raised and maintained at Hubbs SeaWorld Research Institute’s hatchery facility located 
in Carlsbad, California. The broodstock fish spawn on a fixed schedule which is regulated by 
alteration of the temperature and photoperiod to mimic natural spring-summer conditions. Fish 
typically reach peak spawning behavior when water temperatures reach 17-18ºC. Fertilized eggs 
are collected with a 500 μm mesh net mounted on the outflow of the broodstock tank then 
transferred to larval rearing tanks to hatch. The tanks run on an open-flow through water system 
which receives filtered and UV sterilized seawater (34 ‰) pumped into the facility from Agua 
Hedionda Lagoon located just outside the hatchery.  
The larvae were maintained in 320-liter cylindrical tanks with a flow rate beginning with 
1 liter per minute (LPM) at hatch which was slowly raised to 6 LPM by the end of the sample 
period. Larval tanks were kept on an 18-hour light, 6-hour dark cycle throughout the sample 
period. Larvae were fed 1st instar artemia starting at a rate of 3/ml at 4 DPH, were weaned onto 
enriched 2nd instar artemia between 6-8 DPH, and ate 2nd instar artemia until being weaned onto 
dry food between 21-29 DPH. Water temperature in the larval tanks was kept between 19.0-
19.6°C, dissolved oxygen between 8.79-9.29 mg/L, and pH between 7.86-8.31. Each day 10-20 
larvae were collected, anesthetized with MS-222 and fixed in 4% paraformaldehyde for 6-8 
hours, transferred to 70% ethanol, and stored at 4oC until being processed for ionocyte 
immunolabeling. Additional larvae were collected at a later date from a separate spawning event, 
as unbeknownst to us 4% paraformaldehyde is not an effective fixative for scanning electron 
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microscopy (SEM). These larvae were raised under similar conditions as the first set, but instead 
were fixed in a 3% paraformaldehyde, 0.35% glutaraldehyde, 0.1M cacodylate buffer fixative 
(cat # 15949 Electron Microscopy Sciences, Hatfield, PA, USA) until being processed for SEM. 
Western Blot Analysis 
 The specificity of the anti NKA α5 monoclonal antibody used for whole mount 
immunohistochemistry in this study has been validated in several elasmobranch and teleost 
species (Kwan et al. 2018; Roa et al. 2014; Roa & Tresguerres, 2017). Western blot analysis was 
conducted to verify its specificity in White Seabass larvae used in this study. Three 32 DPH 
larvae were anesthesized in MS-222, immediately frozen using dry ice, and stored at -80°C until 
processing. Frozen larvae were pulverized using mortar and pestle and mixed in an ice-cold 
protease inhibiting buffer. Samples were then spun down and separated into crude homogenate, 
cytosolic and membrane fractions. Total protein concentrations were determined using Bradford 
Assay, and 5 μg of protein combined with 2x Laemmli buffer and 2-beta mercaptoethanol were 
loaded into each lane after heating at 70°C for 5 minutes. Proteins were separated in a pre-cast 
polyacrylamide gel (cat # 4568124, Bio-Rad Laboratories, Hercules, CA, USA) at 200V for 50 
minutes. Proteins were then transferred to a polyvinylidene difluoride (PVDF) membrane using a 
wet transfer cell immersed in Towbin’s buffer at 100mA overnight (Bio-Rad). After transfer the 
PVDF membrane was incubated in blocking buffer at room temperature for 1 hour then 
incubated in the anti NKA α5 monoclonal antibody (10.5 ng/mL) at 4°C overnight. The 
following morning, the PVDF membrane was washed three times in Tris-buffered saline +1% 
tween (TBS-T), incubated in goat anti-mouse HRP-linked secondary antibodies (21ng/mL) at 
room temperature for 1 hour, and washed three times in TBS-T. Clarity Western ECL Substrate 
 13 
(Bio-Rad) was used to reveal protein bands, followed by imaging and analysis in a Bio-Rad 
Universal III Hood with ImageQuant software (Bio-Rad). 
Immunolabeling of ionocytes 
  Ionocytes in the skin and gills were immunolabeled using immunohistochemistry 
techniques described in Kwan et al (2018, 2019). A Vector-Stain Ready-to-Use (RTU) kit was 
used in conjunction with a DAB Peroxidase (3, 3’ -diaminobenzidine) (Vector Laboratories, 
Burlingame, USA) to locate ionocytes on the skin of whole White Seabass larvae. Fixed samples 
were washed in tap water for 10 minutes followed by a 1-hour wash in 3% H2O2 to reduce 
pigmentation and background staining. Samples were then incubated in normal horse serum 
found in the Vector RTU kit for 20 minutes, and then incubated with an α5 mouse monoclonal 
antibody raised against the α-subunit of chicken NKA in blocking buffer (21ng/mL). The 
following day the samples were washed in phosphate buffered saline (PBS) for 5 minutes 3 
times, followed by a 45-minute wash with a pan-specific secondary antibody from the Vector 
RTU kit. Another 3x5 minute PBS wash was then administered followed by a 15-minute 
streptavidin peroxidase wash. Following a third 3x5 PBS wash, the samples were incubated in 
DAB stain for 30 seconds, then rinsed in deionized water before imaging. A subset of samples 
was incubated overnight in blocking buffer without any primary antibodies as negative controls 
and had no specific staining. Samples were kept in a 0.02% sodium azide solution for long-term 
storage. 
 In addition to the larvae from HSWRI that were stained using DAB-peroxidase as 
described above, a small section of skin from a ~6-month old White Seabass hatched at HSWRI 
and raised in an experimental aquarium at Scripps Institution of Oceanography was 
immunolabelled using fluorescent secondary antibodies for imaging with confocal laser scanning 
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microscopy (CLSM). A modified version of the DAB staining protocol was used, wherein goat 
anti-mouse Alexa Fluor 546 secondary antibodies (4µg/mL) were used instead of the pan-
specific secondary antibodies included in the Vector RTU kit, and the DAB staining step at the 
end of the protocol was skipped. This sample was imaged separately using a Zeiss Axio 
Observer LSM800 confocal laser scanning microscope. 
Whole Mount Larval Imaging 
 Smaller White Seabass larvae (< ~6.5 mm BL) were imaged using a Leica S8APO 
compound microscope and larger larvae (> ~6.5 mm BL) were imaged using a Leica MZ9.5 
stereomicroscope (Lecia Microsystems Inc.). Both microscopes were mounted with Canon Rebel 
T3i single reflex cameras and image capture was controlled using a Canon RC-6 wireless 
remote. In order to obtain images with three-dimensional resolution, a series of images was 
obtained at progressive focal planes through the right side of the larvae and then z-stacked using 
Helicon Focus software (HeliconSoft Ltd.). Because the larvae were much larger than the 
cameras viewing angle, many focal series had to be collected and z-stacked, then stitched 
together using Adobe Photoshop CS6 (Adobe Inc., San Jose, CA), resulting in high resolution 
images that covered the entire surface of the right side of each larvae which were used for 
subsequent cutaneous ionocyte quantification (This process is described in greater detail in Kwan 
et al. 2019). In addition, the left operculum was removed, and branchial structures were extracted 
for imaging at incremental time points throughout the sample period. Micro-dissecting probes 
were constructed for extracting branchial structures from smaller larvae (<5 mm BL), as standard 
probes were too large to dissect the minute structures. Micro-dissecting probes were constructed 
by first pulling the tip of a glass pipette using forceps and a Bunsen burner, then inserting the 
warm tip into bee’s wax. While the wax was still warm in the tip, a micro-dissecting needle was 
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carefully inserted into the wax. The micro-dissecting needle was of a small enough diameter, that 
the operculum and branchial structures of very small larvae could be removed with minimal 
damage. Isolated gills were then carefully mounted onto glass microscope slides for imaging. 
The right pectoral fin was also removed from each larva as it obstructed the view of cutaneous 
ionocytes beneath it, and the number of cutaneous ionocytes on the pectorals was negligible in 
comparison to the total number of cutaneous ionocytes (<6%; 11.13 mm BL larva: 786 pectoral 
ionocytes out of 14,089 total ionocytes; 16.402 mm BL larva: 898 pectoral ionocytes out of 
36,516 total ionocytes).  
Quantification Techniques 
 Digital images were used to measure larval body length and total area, and to count or 
estimate cutaneous ionocyte number and average size using Fiji image analysis software (version 
1.0). Body length was measured as the distance from the anterior tip of the snout to the posterior 
tip of the notochord using the straight-line tool. Total area was measured as the total surface area 
of the right side of the larvae using the freehand tool. Ionocytes were identified by their dark 
coloration resulting from the intense NKA immunostaining. Using the cell counter tool, all 
ionocytes on the right side of each larvae < 9 mm BL were counted individually. In larvae 
greater than 9 mm BL, ionocytes were counted individually on 10% of the total surface area of 
the larvae, and that number was extrapolated to estimate the total number of cutaneous ionocytes, 
a method developed by Kwan et al. (2019). Briefly, a coordinated grid was created, with each 
square’s side accounting for 2% of the BL of the larva. To account for differences in ionocyte 
density on the head, trunk, and fin regions of each larva, the number of boxes counted in each 
area was proportional to the area of that region specifically. The squares to count were chosen by 
a random coordinate generator in R (ver. 0.98.1103) but were discarded if they contained areas 
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from more than one portion of the larvae, any portion of the eye, any portion containing a glare, 
an edge of the larval surface, or an invaginated surface such as the first dorsal fin, the pelvic fin, 
or an opercular fold. This method was validated by comparing estimated numbers to those 
counted by hand in two different larvae and was found to be ~10% accurate (9.41 mm BL larva: 
10,890 estimated, 9,819 counted; 16.40 mm BL larva: 40,733 estimated, 36,516 counted). The 
average size of ionocytes was determined using the freehand tool in ImageJ to measure the areas 
of 60 ionocytes; 20 from each of the head, trunk, and fin regions, and dividing the sum of those 
numbers by 60. Using the total number of cutaneous ionocytes, average ionocyte size, and the 
total surface area of each individual White Seabass larvae, a “relative ionocyte area” (RIA) was 
obtained via the following equation: 
 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐼𝑜𝑛𝑜𝑐𝑦𝑡𝑒	𝐴𝑟𝑒𝑎 = 	 (𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑢𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑖𝑜𝑛𝑜𝑐𝑦𝑡𝑒𝑠) ×	(𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑐𝑢𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑖𝑜𝑛𝑜𝑐𝑦𝑡𝑒	𝑎𝑟𝑒𝑎)𝑡𝑜𝑡𝑎𝑙	𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎  
 
The RIA provides a singular number for each larva that is assumed to represent osmoregulatory 
capacity on the skin, which can be compared amongst larvae throughout the sample period. 
 In addition to measuring RIA, change in average ionocyte size within each body region 
(head, trunk, fins) was measured. Twenty-four larval images were selected based on BL to create 
a size range from 3.1 mm to 15.3 mm BL, with ~2 larval images per 1 mm change. The average 
size of ionocytes was determined in a similar fashion as described earlier, by using the freehand 
tool and dividing the sum of areas by the number of ionocytes measured.  The data collected 
were visualized in two ways: 1) Average size of ionocytes versus  body length for each body 
region, and 2) average size of ionocytes within each body region separated by 4 size classes: 3-6 
mm, 6-9 mm, 9-12 mm, 12-16 mm, with each size class including 6 larvae. Plotting change in 
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ionocyte size based on size class allows for a clearer comparison across the three body regions 
throughout the entirety of the sample period. 
Scanning Electron Microscopy 
 Apical morphology of ionocytes on the fin, trunk, and gills of larvae from 32 DPH larva 
were examined using scanning electron microscopy. The fixed larva was first dehydrated in an 
ascending series of tert-butyl alcohol (tBa). The series consisted of five washes of tBa beginning 
with a 50% dilution and gradually increasing the concentration of tBa to 100% over two days. 
Samples were suspended in tBa in glass scintillation vials in an incubator at 35ºC, as tBa has a 
freezing point of 25.5ºC. After the final wash, tBa was allowed to solidify before being placed in 
a VirTis Benchtop K freeze-dryer (SP Scientific, Warminster, PA, USA) where it was then 
sublimated under vacuum (~100mT) at -50ºC overnight. The resulting dehydrated sample was 
then sputter-coated with gold and viewed using Zeiss EVO MA10 SEM under high-vacuum 
mode. 
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RESULTS 
Growth and Development 
 Body length (n=73) increased linearly with age throughout the sample period. White 
Seabass larvae sampled in this study ranged from 2.61 mm BL at 1 DPH to 16.40 mm BL at 32 
DPH. Larvae were in pre-flexion stage at ≤ 6 mm BL, notochord flexion stage between 6 and 7 
mm BL, post flexion stage between 7 and 10 mm BL, and transformation stage at ≥ 10 mm BL 
(Figure 3). Formation of fin rays was first observed at ~6.25 mm BL in the dorsoventral portion 
of the median finfold. Fin rays were observed throughout the median finfold by ~7 mm BL 
before the separation of the dorsal, caudal, and anal fins occurred at ~8 mm BL (Figure 5). Gill 
arches were present at all points throughout the sample period. Gill filaments were first observed 
at ~3.25 mm BL, and lamellae were first observed at ~4.5 mm BL (Figure 6). 
NKA is Present in the Basolateral Membrane of Ionocytes 
 Western blot with anti-NKA monoclonal antibodies on 32 DPH White Seabass larvae 
revealed a single ~108 kDa band, matching the predicted size of the protein (Figure 4). The 
presence of a faint band in the crude homogenate lane, no band in the cytosolic fraction lane, and 
a dark band in the membrane fraction lane indicate that NKA is highly abundant in the 
basolateral membrane of the cell. 
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Figure 3: Change in body length in relation to age throughout larval White Seabass development. The black line 
indicates the linear regression and the dotted line represents the 95% confidence interval. Pre-F pre-flexion, F 
flexion, Post-F post flexion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Western blot with anti-NKA monoclonal antibodies. CH crude homogenate, CY cytosolic fraction, MB 
membrane fraction. 
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Figure 5: Na+/K+ immunostained light microscopy images showing four developmental stages of White Seabass 
larvae. A) Pre-flexion larvae, 3.49 mm BL (3 DPH). B) Flexion larvae, 6.33 mm BL (15 DPH); note: right eye of 
larvae was lost during immunostaining process. C) Post-flexion larvae, 7.83 mm BL (21 DPH). D) Transformation 
larvae, 11.1 mm BL (31 DPH) 
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Figure 6: Na+/K+ immunostained light microscopy images showing development of branchial structures and 
presence of ionocytes in a developmental series of White Seabass larvae. A) Newly budding gill filaments emerging 
from gill arches of a 3.24 mm BL (5 DPH) larva. B) Developing filaments of a 3.71 mm BL (7 DPH) larva. C) 
Further developed gill filament now with lamellae of a 6.29 mm BL (16 DPH) larva. D) Well developed gill 
filament and lamellae of a 14.99 mm BL (32 DPH) larva. 
5μm 5μm
10μm5μm
(B) (A) 
(C) (D) 
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Cutaneous ionocyte abundance, size, density, and relative ionocyte area 
A biphasic pattern was observed in the number of ionocytes, ionocyte size, and ionocyte 
density throughout the sample period. Each measure exhibited either an abrupt increase or 
decrease in the rate of change during notochord flexion. The number of ionocytes increased from 
a minimum of 1,027 cells at 2.6 mm BL to 38,894 cells at 14.4 mm BL. The number of ionocytes 
increased gradually, remaining under 2000 cells, until ~6 mm BL when the number of ionocytes 
then increased at a much higher rate throughout the flexion, post-flexion, and transformation 
stages (Figure 7). Ionocyte size decreased linearly from 283 µm2 at 2.6 mm BL when it then 
plateaued out after ~7 mm BL, remaining between 100 µm2 and 145 µm2 through the remainder 
of the sample period (Figure 8A). The ionocyte density (measured as number of ionocytes/mm2) 
decreased rapidly until ~4.5 mm BL when it then sharply increased throughout the remainder of  
the sample period (Figure 8B). RIA also showed a biphasic pattern throughout the sample period, 
beginning with a rapid decrease during pre-flexion followed by stabilization throughout flexion, 
post-flexion, and transformation. RIA decreased drastically from 14% at 2.6 mm BL (1 DPH) to 
4% at 4.3 mm BL (9 DPH), when it then stabilized, remaining between 3% and 6% throughout 
the remainder of the sample period (Figure 9). 
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Figure 7: A) Estimated total number of cutaneous ionocytes in larval White Seabass ranging from 2.6 mm to 16.4 
mm BL. Dotted lines denote 95% confidence intervals. B) Inlay of dotted box in graph 2A. Regression lines and 95% 
confidence intervals were removed to provide a clearer view of the rate change occurring around the timing of 
notochord flexion. Pre-F pre-flexion, F flexion, Post-F post flexion. 
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Figure 8: A) Size and B) density of ionocytes in larval White Seabass ranging from 2.6 mm to 16.4 mm BL. Dotted 
lines denote 95% confidence intervals. Pre-F pre-flexion, F flexion, Post-F post flexion. 
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Figure 9: Cutaneous ionocyte area relative to total skin surface area in larval White Seabass ranging from 2.6 mm to 
16.4 mm BL in relation to A) days post-hatch and B) body length. Dotted lines denote 95% confidence intervals. 
Pre-F pre-flexion, F flexion, Post-F post flexion. 
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Variation in Ionocyte Size in Different Body Regions 
 Ionocytes in the head and trunk decreased in size until stabilizing after notochord 
flexion. Ionocytes in the fins decreased in size until notochord flexion, then returned to near their 
original size by the end of the sample period. Ionocyte size within both the head and trunk 
regions decreased from ~275 µm2 in larvae ≤ 7 mm BL, where it then stabilized at ~110 µm2 for 
the remainder of the sample period (Figure 10A,B). Ionocyte size in the fins decreased from ~200 
µm2 to ~75 µm2 in larvae ≤ 7 mm BL, where it then increased, returning to ~200 µm2 by the end 
of the sample period. (Figure 10C). The data was binned into four size groups: 3-5 mm, 6-8 mm, 
9-11 mm, and 12-15 mm BL. Ionocytes in all three regions decreased in size in the 3-5 and 6-
8mm groups. Only the ionocytes in the fins increased in size in the 9-11 and 12-15mm groups, 
 (Figure 11).  
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Figure 10: Change in ionocyte size in the A) head, B) trunk, and C) fins in larval White Seabass ranging from 2.6 
mm to 16.4 mm BL. Pre-F pre-flexion, F flexion, Post-F post flexion. 
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Figure 11: Differences in ionocyte size between head, trunk, and fin regions of White Seabass larvae in 3-5 mm BL, 
6-8 mm BL, 9-11 mm BL, and 12-15 mm BL size groups. Grey circles denote average size of head ionocytes, black 
squares denote average size of trunk ionocytes, dark grey triangles denote average size fin ionocytes. 
 
Variation in ionocyte apical membrane morphology 
SEM imaging of ionocytes of a transformation stage larva (32 DPH, 16.10 mm BL) 
revealed morphological differences in the apical membrane of gill ionocytes in comparison to the 
trunk and fin ionocytes. Ionocytes in the trunk and fins exhibited deepened apical pits with 
retracted microvilli and were generally < ~5µm in diameter at the widest (Figure 12A,B). 
Ionocytes on the gill filaments exhibited wide, shallow apical membranes with extended 
microvilli and were generally > 5µm in diameter at the widest (Figure 12C). Ionocytes were 
expected to be observed on the basal portion of the lamellae but were only observed the trailing 
edge of the filaments. The lamellae, and the larva in general, appeared dehydrated. I expect this 
is likely product of the SEM fixation process which requires further optimization. 
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Figure 12: SEM images of apical membrane morphologies of A) skin, B) fin, and C) gill ionocytes of a 32 DPH, 
16.10mm BL White Seabass larva. Black arrows indicate ionocytes with apical pits, white arrows indicate ionocytes 
with widened apical pits and extended microvilli. 
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Cutaneous Ionocytes on the Skin of Juvenile White Seabass 
 
 The skin of a ~6-month old White Seabass, hatched at HSWRI and raised in an 
experimental aquarium at Scripps Institution of Oceanography was examined using CLSM, 
revealing an abundance of ionocytes present on the skin well past the larval stage. Differential 
interference contrast (DIC) revealed the apical morphology of pavement cells and ionocytes with 
~5 µm wide apical pits scattered throughout the skin (Figure 13A). The basolateral membrane of 
ionocytes were identified by intense red fluorescence from NKA immunolabelling, revealing an 
elongated columnar cell morphology extending from ~3-25 µm below the surface of the 
epithelium (Figure 13B, D). NKA was not present in the apical membrane of the ionocyte (Figure 
13A, E, F).  Average ionocyte sizes, numbers, densities, and RIAs were not determined in this 
sample. Rather, this was a short exploratory work to determine whether or not ionocytes 
remained present in the skin of White Seabass beyond larval stages. 
1µm 1µm 
1µm 20µm 
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Figure 13: Three-dimensional rendering of NKA immunostaining of an ionocyte on the skin of a juvenile White 
Seabass. Red coloration indicates presence of NKA. Note that NKA is only present in the basolateral membrane of the 
cell. (A) DIC view of the apical morphology of pavement cells and apical membrane of an ionocyte. PVCs pavement 
cells, AM apical membrane. (B) Lateral view of the ionocyte. The white square indicates where the overhead view from 
(A) was captured. (C) DIC view 5µm below the depth at which (A) was captured. (D) Lateral view of the ionocyte and 
location of overhead view from (C). (E) and (F) Lateral view indicating that NKA is only present in the basolateral 
membrane of the cell. White dotted line indicates location of the apical membrane, at the depth which (A) was captured. 
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DISCUSSION 
Here I present the first data tracking ontogenetic changes in ionocytes in larval White 
Seabass. RIA was highest in the youngest larvae, sharply decreased during the pre-flexion stage 
until just prior to notochord flexion, and then remained constant through the rest of the sample 
period. Since RIA is a measure of ion transporting capacity across the skin, these results indicate 
a progressive decrease in the involvement of the skin in osmoregulation (and possibly acid/base 
regulation and NH3 excretion) as larvae develop into juveniles.  It was also observed that the size 
of ionocytes in the head and trunk progressively decreased, while fin ionocytes first decreased, 
then increased in size, following flexion and the appearance of fin rays. A variety of ionocyte 
apical membrane morphologies were observed in a 32 DPH, transformation stage larva. 
Ionocytes did not disappear from the skin by the end of the sample period, and many were still 
present on the skin of a 6-month old juvenile White Seabass. This indicates that the skin is 
involved in ion transporting processes throughout larval metamorphosis and beyond. 
Growth/Development 
 White Seabass growth rates and the timing of developmental events in my study were 
generally similar to those reported by Moser et al. (1983), which provides the most detailed 
description of the early life stages of White Seabass to date, although the larvae in this study 
grew at a slightly faster rate. Differences in temperature likely contributed to growth rate 
discrepancies observed between the two studies. While the experiments by Moser et al. (1983) 
were conducted in temperatures ranging from 16.5 to 20oC, my study raised larvae in a narrower 
temperature range of 19.0-19.6°C. While variation arose in BL-age relationships, the timing of 
important developmental events, such as notochord flexion, occurred at similar body lengths in 
both studies. In White Seabass larvae, notochord flexion marks the timing of the median fin fold 
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separating into the dorsal, anal, and caudal fins, an enlargement of paired fins, rapid development 
of the head, jaw, and eyes, ossification of fin rays, and the formation of the digestive tract 
(Galaviz et al., 2011; Moser et al., 1983). In my study, notochord flexion also coincides with a 
decrease in skin RIA and the formation of branchial structures important for gas exchange and 
ion transport. 
Changes in Cutaneous and Branchial Ionocyte Abundance and Localization 
 Cutaneous ionocytes experienced numerous significant changes around the notochord 
flexion stage: they cease to decrease in size, their numbers begin to increase at a higher rate, and 
they switch from decreasing to increasing density. However, none of these metrics accurately 
reflect cutaneous ion transporting capacity when examined individually. Instead, RIA was 
calculated to take into account the effect of both the number and size of ionocytes in relation to 
the body size of each larvae. RIA relies on immunolabelling of NKA, and this enzyme is present 
in the ionocyte basolateral membrane. Thus, RIA is not a measure of the body surface occupied 
by ionocytes, but instead a proxy for ion transporting capacity related to NKA in the highly 
infolded basolateral membranes of ionocytes. I calculated RIA for each larva to examine ion 
transport capacity across the skin throughout larval development.  
White Seabass larvae in this study underwent a drastic reduction in RIA during the first 
~10 DPH, until reaching ~4 mm BL where RIA ceased to decrease (Figure 9). Considering RIA 
in the context of ion transport capacity, these data suggest that more ion transport is occurring 
across the skin in pre-flexion larvae in comparison to later life stages. The surface area to volume 
(SA/Vol) ratio of pre-flexion larval White Seabass is low enough that sufficient ion transport can 
take place across the skin to maintain homeostasis. As White Seabass larvae increase in size, 
their SA/Vol ratio decreases, and they can no longer perform sufficient gas and ion exchange 
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across the skin. The development of gills increases the amount of total surface area, making up 
for the decrease in SA/Vol. White Seabass larvae during pre-flexion lack well developed 
branchial structures, with filaments and lamellae not appearing until ~5 and 10 days post hatch, 
respectively, just before the timing of notochord flexion (Figure 6).  During notochord flexion, a 
rapid development of branchial structures was observed that continued throughout the sample 
period.  
Ionocytes were present on gill arches of larvae as early as 5 DPH, the smallest larvae in 
which gill extraction was successful (Figure 6A). However, the high abundance of ionocytes at 
this point suggest that ionocytes are likely present on the arches before 5 DPH. Gill filaments 
were first detected at 5 DPH (Figure 6A). Although in a very rudimentary form, the early-
filaments were already abundantly covered by ionocytes. Lamellae first appeared on the 
filaments between 8-10 DPH, and ionocytes were present on the basal portion of the lamellae 
(Figure 6C, D). This localization is different from previous reports of ionocytes located primarily 
in gill filaments of seawater acclimated diadromous and euryhaline fishes. In juvenile Alewives 
(Alosa pseudoharengus), lamellar ionocytes decreased in abundance by 85% during a 2-week 
acclimation from fresh to seawater (Christensen, 2012). In juvenile American Shad (Alosa 
sapidissima), lamellar ionocytes disappeared entirely after a 10-day acclimation from fresh to 
seawater (Zydlewski & McCormick, 2001). Lamellar ionocytes were absent in seawater 
acclimated Japanese Seabass, but were abundantly present after a 10-day exposure to freshwater 
(Inokuchi et al., 2017). More examples of salinity effects on branchial ionocyte localization in 
euryhaline teleosts are reviewed in Hiroi & McCormick, 2012, but overall the data generally 
suggest that ionocytes are only present on lamellae during freshwater exposure.  
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Less data exist focusing on branchial ionocyte localization in exclusively marine 
species. To my knowledge, only two studies exist which examined in detail the presence or 
absence of ionocytes on the filaments and lamellae of marine teleosts. Ionocytes were observed 
on both the filament and lamellae of adult Pipefish (Sygnathus schlegeli) [Watanabe et al., 1999], 
and were present on the filament but not the lamellae of larval Yellowfin Tuna (Thunnus 
albacares) [Kwan, 2018]. Ionocyte localization on the base of lamellae in larval White Seabass, 
is unique in comparison to these studies. Future studies should explore the effects of altered pH, 
salinity, and dissolved oxygen concentrations on the distribution of gill ionocytes in White 
Seabass and other marine teleost larvae, using this study as a baseline. 
It is important to note that while RIA did show a marked decrease from hatch to the end 
of the sample period of this study, ionocytes are still present in the skin of White Seabass well 
beyond the larval stage (Figure 13). The skin of juvenile White Seabass (~6 months age) 
immunostained for NKA and examined using confocal scanning laser microscopy indicated an 
abundance of ionocytes on the skin of the trunk region of the body. These data agree with 
previous works in which ionocytes have been identified on the skin of other juvenile and adult 
teleost species including the marine Long Jawed Mudsucker (Gillichthys mirabilis) [Marshall & 
Nishioka, 1980] and Shanny (Lipophrys pholis) [Nonnotte, 1979] as well as seawater-acclimated 
Mummichog (Fundulus heteroclitus) [Degnan, 1977] and Marbled Swamp Eel (Synbranchus 
marmoratus) [Stiffler, 1985]. Cutaneous ion transport via ionocytes has been reported in a 
variety of additional teleost species (further reviewed in Glover et al, 2013). Future work could 
utilize White Seabass as a marine species to explore the skin’s role in osmoregulation, as well as 
responses to acid/base, ammonia, salinity, and reduced oxygen stressors. 
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Ionocytes in all measured regions decreased in size from hatch until ~6-7 mm BL, 
corresponding to the timing of notochord flexion. From this point on, ionocytes in the head and 
trunk remained at a relatively constant size, while the fin ionocytes increased in size throughout 
the remainder of the sample period (Figure 10). Following notochord flexion, fin rays begin to 
rapidly develop throughout the length of the median fin fold (Figure 5). A potential explanation 
for the increase in ionocyte size in the fins during this time is they may be playing a more active 
physiological role in the biomineralization of fin rays. Biomineral formation requires a localized 
zone that contains biomineral constituents, primarily Ca2+ and phosphates in the case of 
vertebrates, and a pH above ~7.4 (Arnett, 2008; Beck, 2019; Weiner, 2003). The direct 
relationship between ionocyte density and cutaneous epithelial Ca2+ uptake observed in the 
freshwater Nile Tilapia (Oreochromis niloticus) [Marshall et al., 1992] and rainbow trout (O. 
mykiss) [McCormick et al., 2006] indicates a role for ionocytes in Ca2+ homeostasis. However, 
Ca2+ concentrations are low in freshwater compared to seawater, averaging ~0.07mM and 
~9.6mM, respectively (Evans, 2005), so it is not clear if marine teleosts require similar cutaneous 
epithelial Ca2+ uptake mechanisms as freshwater teleosts. In addition, to Ca2+ uptake, ionocytes 
are known to be involved in acid secretion. The acid secreting proteins NHEs can be found in the 
apical membrane of some ionocytes in both freshwater and marine species (reviewed in Evans, 
2005 and Hwang, 2011). Thus, fin ionocytes may play a role in biomineralization both supplying 
calcium and maintaining pH above 7.4 in zones of calcification. Further exploration into the 
physiological capabilities of ionocytes to aid in biomineralization using immunohistochemical 
labelling of known biomineralization proteins (e.g. NHE, PMCA2, NCX1b) are needed.  
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Variation in apical membrane morphology of ionocytes 
 The apical morphology of ionocytes has been observed to be able to change 
dramatically. In juvenile Killifish (Fundulus heteroclitus) [Katoh et al. 2002] and adult European 
Seabass (Diccentrarchus labrax) [Vasamos, 2002], apical membranes of gill ionocytes were 
observed to change in response to varying salinities. In both species, apical membranes formed 
pits in response to high [NaCl] exposure, but became widened and shallow with extended 
microvilli in response to low [NaCl] exposure. This data suggests that the morphology of gill 
ionocytes change in order to provide additional surface area for ion exchange in freshwater 
conditions. Similarly, ionocytes of larval Yellowfin Tuna (T. albacarus) [Kwan, 2018] changed 
throughout larval metamorphosis. Apical membranes of skin ionocytes were widened with 
extended microvilli in pre-flexion larvae and formed pits in post-flexion larvae. In 
transformation stage larvae, apical membranes of gill ionocytes exhibited widened pits with 
extended microvilli, while apical membranes of skin ionocytes exhibited apical pits. This data 
suggests that increasing apical membrane surface area is a regulatory mechanism to increase ion 
excretion in yellowfin tuna larvae. As the larvae develop, apical membranes of ionocytes on the 
skin form pits, likely indicating a reduction in ion excretion as the gills become increasingly 
developed. 
 In addition to tracking ionocyte localization and morphology through the use of 
immunohistochemistry, this study used SEM to determine if White Seabass larvae exhibit 
different ionocyte apical morphologies in different regions of the body. It was observed that 
ionocytes on the gills of a 32 DPH (16.10 mm SL) larva exhibited widened apical membranes 
and extended microvilli (Figure 12C) in comparison to ionocytes on the trunk and fins, which 
exhibited apical pits (Figure 12A,B). However, the low sample size and poor condition of the 
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larva examined (likely a byproduct of the fixation process) prevented making any reliable 
conclusions. Regardless, the apparent differences in ionocyte apical morphologies in 
transformation stage larvae suggest these cells may be exhibiting different activity levels, 
performing different functions, or may constitute different ionocyte subtypes entirely. 
 
Conclusions and Future Work 
 
 It was shown that a shift of osmoregulatory capacity from the skin to the gills 
corresponded to the timing of notochord flexion in larval White Seabass. A rapid decrease in 
relative ionocyte area from ~14% to ~4% occurred just prior to notochord flexion, where it then 
remained between 3% and 6% throughout the remainder of the sample period. At this same time, 
branchial structures with abundant ionocytes became increasingly developed. The decrease in 
relative ionocyte area on the skin appears to correlate to the branchial structures taking on a large 
portion of osmoregulatory load. It was also observed that ionocytes on the fins were significantly 
larger than those on the body and the head in later stage larvae, but the underlying reasons 
remain unclear. Ionocytes displayed varying apical membrane morphologies in the skin of the 
trunk and fin regions in comparison to those on those on the gills, which exhibited widened 
apical membranes, suggesting these ionocytes vary in activity, function, or cell sub-type. While 
the gills appear to take on the bulk of ion transport processes in later stage larvae, the presence of 
ionocytes on the skin of a 6-month old juvenile White Seabass indicates that the skin likely still 
plays a role in ion transport well beyond the larval stage. 
 This study is the first to track the functional transition of ionocytes from the skin to the 
gills in larval White Seabass. In comparison to similar studies on ionocytes in marine teleost 
larvae, there appears to be distinct differences between species in relation to the rate of transition 
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of ionocyte abundance from the skin to the gills, and the localization of ionocytes on the gill 
lamellae. This study established a baseline in the functional transition of ionocytes from the skin 
to the gills in larval White Seabass raised in typical aquaculture conditions, and can be used in 
future studies exploring the effects of altered pH, temperature, salinity, and dissolved oxygen on 
ion transport capacity on the skin and gills of marine teleost larvae. If such stressors have an 
effect on the distribution, morphology, or function of ionocytes, the ability for larval teleosts to 
maintain homeostasis, and therefore survive, will likely be altered. This has broad implications 
and a high socioeconomic value for the aquaculture and fisheries industries, and can be taken 
into account in climate studies that have a focus on biological responses. More work is required 
to explore functional reasoning as to why ionocytes on the fins remain larger than other regions 
of the body in later stage larvae, and further work should be invested into characterizing the 
different apical morphologies of ionocytes in relation to their function.  Lastly, I suggest the skin 
should not be ignored as a key player in osmoregulation, acid base regulation, and other ion 
transport functions in juvenile and adult marine teleosts, as the abundance of ionocytes there may 
implies it plays a much larger role than what is generally believed. 
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